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1  | INTRODUC TION
Natural	selection	increases	the	fitness	of	 individuals,	but	this	does	
not	 always	 maximize	 population	 performance,	 because	 “selfish”	
traits	 or	 behaviors,	 which	 damage	 population	 performance,	 are	
often	selected	 (Denison,	Kiers,	&	West,	2003;	Weiner,	Du,	Zhang,	
Qin,	&	Li,	2017).	Since	the	primary	goal	of	crop	breeding	has	been	to	










Most	 improvements	 in	 crops	 and	 agricultural	 practices	 have	
focused	on	shoot	biomass,	architecture,	and	grain	yield	 (Gonzalez,	
Beemster,	 &	 Inzé,	 2009;	 Xing	 &	 Zhang,	 2010).	 Reduction	 in	 the	
height	of	cereals	has	been	one	of	the	most	successful	modifications	
of	shoot	 traits	and	one	of	 the	most	 important	agricultural	 innova‐
tions	of	the	20th	century,	resulting	in	substantially	increased	grain	
production	 (Khush,	 2001;	 Sasaki	 et	 al.,	 2002).	Donald	 (1968)	 pro‐
vided	 a	 list	 of	 the	desirable	 shoot	 architectural	 characteristics	 for	





Although there is broad agreement that root traits are just as 
important	 as	 shoot	 traits	 in	 ecology	 and	 agriculture,	 plant	 ecolo‐
gists	and	crop	breeders	have	tended	to	focus	on	aboveground	traits	
because	 of	 the	 difficulty	 of	 observing	 and	 measuring/screening	
belowground	traits,	but	the	increased	emphasis	on	plant	roots	in	re‐
cent	years	is	changing	this.	Root	architectural	traits	have	important	
effects	on	 the	uptake	of	water	 (Uga	et	al.,	2013),	nitrogen	 (Forde,	
2014;	Kiba	&	Krapp,	2016)	and	phosphorus	 (Lynch,	2011;	Péret	et	
al.,	2014),	and	their	interactions	with	neighbors	(Cahill	et	al.,	2010).	











Several	 traits	of	 seminal	 roots	 (lateral	 roots	 that	develop	 from	
the	radicle	and	are	present	 in	the	embryo)	of	wheat,	which	largely	
determine	 the	 architecture	 of	 the	 root	 system	 at	 the	 adult	 stage,	
can	be	conveniently	 investigated	at	an	early	growth	stage	 (Løes	&	







duction	of	 roots	 to	 the	detriment	of	population	yield	 (Zhang,	Sun,	
&	Jiang,	1999).	Tests	of	 the	model	have	supported	 the	hypothesis	
that increases in yield have been associated with decreases in root 
overproduction	(Zhu	&	Zhang,	2013).	There	is	evidence	for	“overpro‐
duction”	of	 roots	 in	 competing	 soybean	 (Gersani,	Brown,	O'Brien,	
Maina,	&	Abramsky,	2001)	and	wheat	 (Y‐H	Zhu,	unpublished	data)	



















the	 region,	 and	which	 reflect	 a	 sequence	 of	 increasing	 yield	 over	
110	years	of	breeding	in	the	semi‐arid	agricultural	area	of	the	Loess	














Heshangtou	 (HST),	 Jinbaoyin	 (JBY),	 Gansu96	 (GS96),	 Dingxi24	
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While	 the	 literature	 on	 root	 traits	 is	 extensive,	we	 focus	 here	 on	
a	 few	 measurable,	 genetically	 fixed	 architectural	 traits	 of	 wheat	








The	 field	 experiment	was	 conducted	 from	March	 to	 July	 2016	 at	
the	Experimental	Station	of	Lanzhou	University	in	Yuzhong	County,	
Gansu	Province,	China	(104°09′	E,	35°56′	N,	altitude	1,749	m).	The	




and	eight	 cultivars	 in	 subplots.	 Each	plot	measured	1.5	m	×	1.5	m,	
and	 the	 spacing	 between	 neighboring	 plots	 was	 0.5	m.	 Following	
a	 basal	 dose	 of	 nitrogen	 (120	kg/ha),	 phosphorus	 (60	kg/ha),	 and	
potassium	 (48	kg/ha),	wheat	grains	were	 sown	at	 a	depth	of	4	cm	






































in	 a	 box	 (60‐cm	 long	×	40‐cm	wide	×	42‐cm	deep),	 and	 the	 cham‐








being	 two	water	 conditions:	high	water	 (80%	FC)	and	 low	water	
(40%	FC).	The	80%	FC	treatment	was	a	watering	cycle	from	90%	
TA B L E  1  The	origins	and	major	characteristics	of	the	eight	
spring	wheat	cultivars
Cultivar Time of release
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FC	to	70%	FC,	and	40%	FC	was	a	cycle	from	50%	FC	to	30%	FC.	
Whole	plots	were	the	eight	wheat	cultivars,	and	the	subplots	were	
four	 nutrient	 conditions:	 +N	 (nitrogen)	+	P	 (phosphorus;	 0.2	g	N	
and	0.05	g	P/kg·dry	soil),	−N+P	(0.05	g	P/kg·dry	soil),	+N−P	(0.2	g	
N/kg·dry	soil),	−N−P	 (No	N	or	P,	Control).	NH4NO3	 and	KH2PO4 
were	used	to	supply	the	nutrients,	and	K2SO4 was used to balance 
the	potassium	under	P‐deficient	 conditions.	 Each	 treatment	had	
seven	replicates.






chamber	 so	 that	 the	 pins	 penetrated	 the	 soil	 block.	 The	 spatial	
orientation	 of	 the	 root	 system	 was	 maintained	 by	 inversion	 of	








from	 the	 pin	 board,	 oven‐dried,	 and	 weighed.	 The	 root	 system	
architecture	was	quantified	using	fractal	analysis	under	different	
soil resource conditions.
2.6 | Fractal analysis of root architecture
Fitter	 (1987)	 proposed	 a	 topological	 approach	 for	 the	 analysis	
of	 root	 branching	 patterns,	 based	 on	 the	 numbers	 and	 spatial	
arrangements	 of	 root	 links.	 Fractal	 geometry	 is	 a	 quantitative	














and	 the	 numbers	 of	 squares	 intercepted	 by	 roots	 at	 various	 grid	
square	sizes	are	counted.	The	fractal	dimension	is	then	estimated	by	
fitting	the	following	linear	regression	model:
where N(r)	 represents	 the	 number	 of	 squares	 intercepted	 by	
roots,	 r	 represents	 the	 width	 of	 the	 square,	 and	 K is a constant. 
The	slope	of	the	regression	line	is	an	estimate	of	the	fractal	dimen‐
sion.	By	definition,	 if	a	two‐dimensional	object	is	fractal,	the	value	
of	 fractal	dimension	must	be	>1	and	≤2.	The	 length	of	 the	square	
side	used	varied	from	2	to	10	mm	in	seven	steps.	Fractal	dimensions	
were	 estimated	 for	 the	 entire	 root	 system	 and	 for	 individual	 root	















logN(r)=−D log r+ logK,
F I G U R E  1  Drawing	of	wheat	roots,	modified	to	show	growth	
angles	in	wheat	seminal	roots	(left),	and	root	system	growth	angles	
in	the	fibrous	root	system	(right)
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3  | RESULTS
3.1 | Changes in field yield
The	field	yield	 increased	continually	and	significantly	with	cultivar	
release	date	at	the	standard	planting	density	for	this	region,	but	only	
two	 cultivars	 (JBY	 and	 LC8275)	 had	 yields	 significantly	 different	




3.2 | Correlations between seminal root traits and 
yield in the field
Field	yield	was	significantly	and	positively	correlated	with	total	and	
primary	seminal	root	length	(r	=	0.67,	p < 0.001; r	=	0.857,	p	<	0.001,	
respectively).	 The	 number	 of	 seminal	 roots	 and	 the	 seminal	 root	
growth	 angles,	 the	 angle	 between	 primary	 seminal	 root	 and	 the	
last	 seminal	 root,	 increased	 during	 cultivar	 evolution	 and	 had	 sig‐
nificantly	negative	correlations	with	field	yield	(number:	r	=	−0.798,	
p < 0.001; angle: r	=	−0.87,	p	<	0.001,	respectively;	Figure	3).
Correlations	among	seminal	root	traits	(Table	2a)	showed	that	the	
seminal	 root	 growth	 angles	were	 significantly	 negative	 correlated	
with	the	total	seminal	root	length	(r	=	−0.68,	p	<	0.001)	and	the	pri‐
mary	seminal	root	length	(r	=	−0.873,	p	<	0.001),	but	was	positively	
correlated	with	the	number	of	seminal	 roots	 (r	=	0.732,	p < 0.001). 
Total seminal root length was negatively correlated with the num‐
ber	of	seminal	roots	(r	=	−0.819,	p	<	0.001)	and	positively	correlated	




3.3 | Resource levels and root architecture traits
The	growth	angle	of	root	system	(Figure	1),	the	angle	between	sur‐
face	of	the	soil	and	root	system,	was	positively	correlated	with	field	














correlation	coefficients	(r),	and	p values are based on the data 
themselves	(see	Data	accessibility),	***p	≤	0.001
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yield	at	both	water	levels	(low	water	availability:	r	=	0.912,	p < 0.001; 




(p	=	0.16)	or	an	N	×	water	 interaction	 (p	=	0.105)	on	 fractal	dimen‐
sion,	but	other	factors	and	interactions	did	have	significant	effects	
on	 fractal	 dimension	 (p	<	0.05;	 Supporting	 Information	 Table	 S1).	
The	negative	correlations	with	field	yield	were	not	changed	by	soil	
resource	treatments.	The	maximal	fractal	dimension	of	each	cultivar	
occurred at high water and nutrient levels.








correlated	with	seminal	root	growth	angle	(r	=	−0.95,	p < 0.001) and 
with	 the	number	of	seminal	 roots	 (r	=	−0.952,	p	<	0.001)	and	posi‐
tively	correlated	with	total	seminal	root	 length	(r	=	0.761,	p	<	0.05)	
and	 primary	 seminal	 root	 length	 (r	=	0.937,	 p < 0.001). Fractal 
dimension	 and	 root:shoot	 ratio	 at	 80%	 FC	 +N+P	 conditions	were	
negatively	correlated	with	field	yield	(r	=	−0.867,	p < 0.01; r	=	−0.796,	
p	<	0.05,	respectively),	while	harvest	index	was	positively	correlated	
with	field	yield	 (r	=	0.875,	p < 0.01). The root system growth angle 
was	positively	correlated	with	field	yield	in	all	treatments.
In	a	principal	component	analysis	(PCA;	Figure	5)	based	on	root	
architectural	 traits	 and	biomass,	PC1	 reflects	 root	 characters	 that	
are	 highly	 correlated	with	 field	 yield	 and	 seminal	 root	 length	 and	
negatively correlated with seminal root number and growth angle. 
PC2	reflects	allocation	traits,	 indicating	 interactions	between	dry‐
matter	 distribution	 and	 soil	 resource	 treatment.	 PC2	 is	 positively	
correlated	with	HI	 and	pot	grain	weight	 and	negatively	 correlated	









this	 depends	 in	 part	 on	 the	 interaction	 between	 individual	 and	





SGA TSRL NSR PSRL
Yield −0.95*** 0.761* −0.952*** 0.937***
SGA −0.6801*** 0.732*** −0.873***




Treatment FD RSGA R/S HI
80%	FC	+N+P −0.867** 0.789* −0.796* 0.875**
80%	FC	−N+P −0.367 0.809* −0.450 0.054
80%	FC	+N−P 0.104 0.850** 0.220 0.101
80%	FC	−N−P 0.046 0.822** −0.179 −0.143
40%	FC	+N+P 0.190 0.721* −0.190 −0.637
40%	FC	−N+P 0.504 0.712* 0.862** −0.714*
40%	FC	+N−P 0.393 0.956*** 0.058 0.275








in root architecture may have contributed to increases in yield.
Yield	 of	 wheat	 cultivars	 grown	 at	 the	 standard	 sowing	 den‐









4.1 | More optimized root traits are consistent with 
“group selection”
Our	 results	 show	 strong	 and	 significant	 correlations	 between	
several	root	traits	and	field	yield	during	wheat	cultivar	evolution.	





increase	 yield.	 Seminal	 growth	 angles	 narrowed,	 the	 number	 of	
seminal	roots	declined,	and	primary	seminal	root	length	increased	
during	 the	 development	 of	 higher‐yielding	 cultivars.	 Primary	
seminal	 root	 length	 reflected	 total	 seminal	 root	 length	 (r	=	0.87,	
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p < 0.001) such that total seminal root length increased with in‐
creasing yield.
The changes in seminal root traits are consistent with reduced 
individual	competitiveness	over	the	course	of	wheat	evolution	in	
this	 region	 (Song	 et	 al.,	 2010).	 Fewer,	 longer	 seminal	 roots	with	
narrower	growth	angles	 resulted	 in	 the	 formation	of	a	narrower,	
deeper,	and	simpler	root	system,	which	overlaps	less	with	neigh‐
bors,	 reducing	 competition	 among	 neighboring	 individuals	 (De	
Parseval,	 Barot,	 Gignoux,	 Lata,	 &	 Raynaud,	 2017).	 These	 trends	
are	 consistent	 with	 our	 hypothesis	 of	 weakening	 “selfish”	 root	
traits	(Weiner	et	al.,	2017).
Although	breeders	have	selected	 for	higher	yield	empirically,	
without	 focusing	 on	 underground	 characteristics,	 the	 higher‐
yielding	 cultivars	 had	 narrower	 and	 therefore	 less	 competitive	
root	 systems	 with	 lower	 fractal	 dimensions,	 even	 though	 many	







of	 seminal	 roots	 and	 the	 primary	 seminal	 root	 length	 (Figures	 3	

















The	 weakened	 competitive	 traits	 could	 reduce	 the	 capture	
of	 resources	by	 individual	 plant	 in	 competition,	 but	 if	 all	 individu‐
als	are	 less	competitive,	 the	stand	will	benefit	and	produce	higher	
yield	 if	 the	crop	density	and	 resource	 levels	are	high	enough.	The	
results	show	that	the	relationships	between	yield,	root:shoot	ratio,	
and	harvest	index	were	influenced	by	soil	resource	levels	(Tester	&	
Langridge,	2010).	Root:shoot	 ratio	 and	harvest	 index	were	 signifi‐
cantly	 related	 to	 increases	 in	yield	only	under	high	N	and	P	 levels	
(Figure	4b).	This	 is	consistent	with	previous	research	showing	that	
the	basis	 for	higher	yields	 is	 in	 large	part	a	decrease	 in	 root:shoot	
ratio	and	an	increase	in	harvest	index	(Fang	et	al.,	2011;	Siddique	et	
al.,	1990;	Song	et	al.,	2009,	2010).
Water	 is	crucial	 to	all	physiological	processes,	and	 large	quan‐
tities	 are	 required	 to	 produce	 high	 yields.	 The	 results	 of	 the	 soil	
chamber	 experiment	 under	 different	 soil	 resource	 conditions	




F I G U R E  5  Results	of	principal	
component	analysis	based	on	root	
architectural traits and biomass 
characteristics	of	eight	cultivars	of	spring	
wheat
     |  9ZHU et al.




this	architecture	 results	 in	 strong	competition	among	neighboring	




&	Vadez,	 2011).	 The	 compact,	 narrow,	 and	 deep‐rooted	 architec‐
ture	 of	 the	 higher‐yielding	 varieties	 appears	 to	 reduce	water	 use	
early	 in	 the	season	and	 increase	access	 to	water	 from	the	deeper	











4.3 | Relationships between root traits and 
population yield
Root	 traits	 are	 fundamental	 for	 the	 production	 of	 yield	 because	
they	determine	water	and	mineral	nutrient	uptake,	which	are	essen‐
tial	for	growth	and	yield	formation	(Comas	et	al.,	2013;	Manschadi,	
Christopher,	 &	 Hammer,	 2006).	 Newer	 cultivars	 had	 root	 traits	







Doussan,	 Nosalewicz,	 &	 Kondracka,	 2013),	 increasing	 the	 risk	 of	
crop	failure	under	unsatisfactory	resource	conditions.










The	 results	 are	 consistent	 with	 our	 main	 hypothesis	 that	 the	











not	 the	 root	 traits	we	have	studied	here,	although	 there	 is	evidence	
that	above‐	and	belowground	traits	are	not	highly	linked	and	can	evolve	
independently	(Weiner	et	al.,	2017).	(b)	While	several	of	the	traits	we	
















Over	 the	 course	 wheat	 breeding	 in	 northwestern	 China,	 several	
root	functional	traits	have	been	modified	significantly	in	ways	that	
are	 consistent	 with	 group	 selection	 on	 the	 traits	 investigated.	 As	
has	been	documented	 for	 shoot	 traits,	 the	weakening	of	competi‐
tive	traits	has	allowed	for	higher	planting	densities,	which	produce	
high	yields.	The	trade‐offs	among	seminal	root	traits	appear	to	have	
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